Introduction

B
oth intentional and accidental mortality of wild marine mammals and birds in association with underwater explosions have been documented in several studies. Anderson et al. (1954) provided details of the dynamite depth charges that were routinely used in Alaska in the 1950s to control the harbor seal (Phoca vitulina) population during the salmon fishing season. Hi-Velocity Gelatin Powder (60%) in 11.3-kg packages set at mid-depth in waters 11-m deep was found to kill harbor seals within a 45.7-m radius. This method proved so effective that an estimated 19,000 harbor seals were killed between 1951 and 1954. More recently, Knudsen and Oen (2003) reported on blastinduced neurotrauma in minke whales (Balaenoptera acutorostrata) during directed kills using 30-g penthrite grenades detonated 60-70 cm inside an animal. Experimentally, sea otters (Enhydra lutra) and mallard ducks (Anas platyrhynchos) were found to be mortally impacted by underwater overpressure of 300 psi during underwater detonations of pentolite or trinitrotoluene (TNT) charges (<3.6 kg), respectively (Wright, 1971; Yelverton et al., 1973) . Fitch and Young (1948) noted the accidental deaths of California sea lions (Zalophus californianus), cormorants (Phalacrocorax spp.), and California brown pelicans (Pelicanus occidentalis) during explosive seismic operations in California that used 4.5-72.6 kg charge weights. Mortality in cormorants and brown pelicans only occurred when their body or head was submerged underwater. Ketten et al. (1993) described damage to the ear bones of two humpback whales (Megaptera novaeangliae) that died following a 5000-kg charge detonation.
Previous reports of accidental marine mammal and bird deaths in association with explosions have provided very little detail of the circumstances surrounding these events. Here we report the details of accidental deaths of western grebes (Aechmophorus occidentalis) and long-beaked common dolphins (Delphinus capensis) associated with two underwater detonation training events in the Silver Strand Training Complex (SSTC) in San Diego, California.
Background
The SSTC is an area used by The U.S. Department of the Navy (hereinafter referred to as the Navy) for amphibious, special warfare, and mine countermeasure training activities. It is located on and adjacent to the Silver Strand, a narrow isthmus that separates San Diego Bay from the Pacific Ocean in San Diego, California ( Figure 1 ). During training activities, approximately 255 underwater detonations are set in this area per year. The Navy has proposed increasing the number of detonations per year by 87% (U.S. Department of the Navy (DoN), 2011). However, the actual number of detonations varies from year to year.
Navy Explosive Ordnance Detachments (EOD) and other Navy underwater detonation training use military grade C4 explosive, which contains 91% cyclotrimethylene trinitramine (RDX), 5.3% dioctyl sebacate or adipate (DOS or DOA), 2.1% polyisobutylene (PIB), and 1.6% oil (Reardon & Bender, 2005) . Nitrogen, carbon dioxide, water, carbon monoxide, and trace amounts of organic compounds are the byproducts of these explosions and are thus not thought to affect water quality or marine wildlife (DoN, 2011) . C4 comes in standard 0.57-kg blocks that can be combined to produce explosive charges of increased weight. Either a timed fuze or command detonation fuze is used to allow an EOD diver time to move away from a set charge. Time-delayed detonation training is needed to ensure safe and effective use of these materials in a non-permissive environment in which a diver would need to place a charge and swim away undetected prior to detonation.
At the SSTC, underwater detonations occur in designated boat lanes that extend 1.97-nm seaward (Figure 1) . A mitigation zone of 640 m is established around a detonation device. From a boat, two EOD observers scan the mitigation zone for marine mammals, birds, and sea turtles for at least 30 min before and after a detonation exercise. If wildlife is seen within or moving towards the mitigation zone during this time, the detonation is suspended until the area is clear of wildlife for a minimum of 30 min for marine mammals or sea turtles and 10 min for birds (DoN, 2011) .
Birds
Underwater detonations are more likely to impact diving birds such as loons, cormorants, grebes, auks, murres, and sea ducks because of the time that these birds spend under water. Birds at the sea surface are less vulnerable to underwater detonations because the impulse of the blast is attenuated at the water's surface, allowing them to survive impulse levels approximately three times greater than submerged birds can survive (Yelverton et al., 1973) .
Pursuit divers, who remain at depth for longer periods of time, are at greater risk than surface feeders or plunge divers. Common pursuit diving seabirds in San Diego include the western grebe, Brandt's cormorant (Phalacrocorax penicillatus), and the double-crested cormorant (Phalacrocorax auritus) (Unitt, 2004) . It is important to note that migrating birds often occur in large flocks when transiting through the area (e.g., loons, shearwaters) and could be impacted if a detonation
FIGURE 1
Silver Strand Training Complex (DoN, 2011) . Boat lane colors reflect beach locales at the end of the boat lanes and are not relevant to this study.
coincided with their occurrence in the area.
Although many birds are protected under the Migratory Bird Treaty Act (MBTA), the 2003 National Defense Authorization Act exempts the Armed Forces from these regulations during military readiness activities, such as underwater detonation training exercises. However, birds listed under the Endangered Species Act (ESA) are not exempt. For the SSTC, the Navy has implemented protective measures for three federally listed birds, the least tern (Sternula antillarum), snowy plover (Charadrius alexandrinus), and lightfooted clapper rail (Rallus longirostris) (DoN, 2011). Xantus' murrelet (Synthliboramphus hypoleucus) is a pursuit diver and a candidate ESA species, which are causes for concern in relation to underwater explosions at SSTC. Although the ocean off San Diego is central to this species' range, it is uncommon in San Diego (Unitt, 2004) and not included in the SSTC mitigation plan. Underwater detonations are delayed or moved if birds are sighted, regardless of MBTA or ESA status.
Western grebes are found yearround in San Diego Bay, breeding in local lakes and lagoons. They are most abundant within a couple of miles from shore, from Point Loma to Imperial Beach, during the winter; migrants from the north and northeast arrive in October and depart in April (Unitt, 2004) . Western grebes primarily feed on fish. However, the presence of crustaceans, polychaete worms, and bottom-dwelling fish in their diet suggests that they may at times forage along the bottom (Storer & Nuechterlein, 1992) . A mean dive time of 30.4 s with a maximum of 63 s has been recorded for western grebes at a lake breeding ground, and it is presumed that longer dives are possible (Lawrence, 1950) . This foraging strategy puts them at a high risk if they are feeding near underwater detonations.
Western Grebe Detonation Event
On 16 March 2006, six demolition charges of various weights were detonated on the ocean side of SSTC (Figure 1 ), 731 m from shore, at a depth of approximately 15 m. Although the exact weight of the charges is unknown, over 78% of detonation events at SSTC use less than 4.5 kg and none exceed 13.2 kg (DoN, 2010) .
Following the first detonation, several dozen small fish were observed floating on the surface of the water, which attracted approximately 30 birds. As part of existing Navy mitigation, the divers relocated to another location approximately 91 m from the first site and detonated a second charge 10 min later. After the second detonation, more small fish and 5-10 birds were seen floating on the surface of the water in the vicinity of the second detonation. The third charge was moved another 91 m away and detonated 30 min later. Following this explosion, approximately 5-10 white-bellied birds were observed on the surface of the water in the vicinity of the new detonation site. The fourth, fifth and sixth detonations were also relocated 91 m from the previous sites. No fish or birds were observed on the surface of the water following the final three underwater explosions.
Following the training exercise described above, 70 dead western grebes were found within a 1-mile stretch of Silver Strand State Beach, which is a public beach between SSTC-North and SSTC-South (Figure 1 ). Ten of these specimens were collected and necropsied. Abundant coagulated blood within the oral cavity and coelom, hepatic capsule rupture, and severe pulmonary hemorrhage were present in the examined birds. Six birds examined had more extensive hepatic damage with liver fractures extending through the parenchyma and cardiac and renal hemorrhage. Primary blast trauma was determined to be the cause of death (Gurfield & St. Leger, 2006) . The esophagus and ventriculus of three birds contained recently ingested top smelt (Antherinops affinis). However, there was no indication of tissue damage or parenchymal hemorrhage in the ingested top smelt that were examined, indicating that these fish were likely consumed at shallow depths while alive. Although the fish kill may have initially attracted birds to the area, there is no evidence to indicate that the grebes were feeding on the dead fish.
The injuries sustained by the western grebes at SSTC were similar to those reported by Yelverton et al. (1973) when they examined immersed ducks subjected to underwater blasts. All of the ducks necropsied in that study had pulmonary hemorrhage, ruptured livers, and ruptured kidneys. A subset of the 20 expired ducks in the Yelverton et al. (1973) study sustained injuries not found in our study, which included coronary air embolism (35%), ruptured air sacs (65%) and ruptured ear drums (75%). The mortality threshold for immersed birds and birds at the surface in that study was determined to be 36 and 100-120 psi ms, respectively.
There is insufficient information available on western grebes to determine if the deaths of 70 individuals would have an impact on the population. Although the population appears November/December 2011 Volume 45 Number 6 stable (Sauer et al., 2011) , breeding colonies are typically small. In San Diego County, breeding colonies range from 12 to 400 individuals (Unitt, 2004) , and breeding colonies elsewhere in California and Oregon are similarly small (x = 121.4, range: 2-462) (Konter, 2011) . In this context, the SSTC blast could have decimated a local breeding colony of this population.
Dolphins
Only two cetacean species were originally considered by the Navy to occur regularly in the ocean area of SSTC (<3 nm of shore): the transient California gray whale (Eschrictius robustus) and the coastal population of the common bottlenose dolphin (Tursiops truncatus) (DoN, 2011) . The California gray whale population is comprised of approximately 22,000 individuals (Punt & Wade, 2010) , and a portion of the population can be seen passing within 0.5 nm of the San Diego shoreline from December to March (Hanson & Defran, 1993) during its migration. Other parts of the gray whale population migrate to and from Baja Mexico using offshore waters. There is little sighting information for gray whales within the SSTC, which appears to be slightly east of the typical southbound gray whale migration corridor (Sumich & Show, 2011) . Two populations of common bottlenose dolphin are found off California: coastal and offshore. The coastal population consists approximately 450-500 individuals (Carretta et al., 2011a (Carretta et al., , 2011b Dudzik et al., 2006) that typically travel in schools of approximately 20 individuals (Defran & Weller, 1999) and are present year-round within 0.5 nm of shore (Defran & Weller, 1999) . Common dolphins (Delphinus spp.) were considered 'rare' within SSTC (DoN, 2011) . The limited available data from coarsescale ship surveys (>2 nm offshore) (Barlow & Forney, 2007) and finescale aerial surveys (<1.2 nm of shore) (Merkel & Associates, Inc., 2008) that were used for this determination did not provide sufficient coverage of SSTC waters to adequately describe cetaceans in this area. Sighting data from the coastal population of common bottlenose dolphin surveys conducted between 2008 and 2010 confirm coastal sightings of common dolphins, Risso's dolphins and Pacific white-side dolphins along the northern San Diego coast (Campbell et al., 2010a (Campbell et al., , 2010b .
Data from stranded animals can be used to complement our understanding of near-shore cetacean species that may be found in the SSTC. Using data from Danil et al. (2010) together with data collected in 2009 and 2010, we calculated the 10-year average of all cetacean species that have stranded in the area bounded by the San Diego Bay entrance and the Mexican border, within which the SSTC is found. Long-beaked common dolphins (D. capensis) are the most frequently stranded species in this area, followed by common bottlenose dolphins (Table 1 ). The majority of common bottlenose dolphins stranded in San Diego belong to the coastal population (74% coastal and 26% unknown) (Danil et al., 2010) . Although gray whale strandings in SSTC are rare, they are frequently observed by whale watching boats offshore of SSTC from December to March during the whales' migration period. This difference highlights the value of combining knowledge about cetacean habitat use patterns, survey data and stranding records, and of considering the pros and cons of each information source to create a list of species likely to be impacted.
On average, long-beaked common dolphin schools are composed of 375 individuals (Carretta et al., 2011a) that are typically found within 50 nm of the southern California shore line (Carretta et al., 2011b) and have been observed as close as 1.8 nm to shore in the Southern California Bight (SWFSC, unpublished data). Because sighting data are collected from large ships that generally operate >2 nm offshore, the use of the nearshore environment by long-beaked common dolphins is poorly known. The frequency of strandings recorded for this species suggests they use the near-shore environment more regularly than the shipboard sighting data suggest, particularly from March to July (Danil et al., 2010) .
Potential biological removal (PBR) is the maximum number of animals that can be removed from a population through non-natural means and still maintain an optimum sustainable Currently, the PBR for long-beaked common dolphins is 164 (Carretta et al., 2011b) . In 2009, a fine-scale survey was conducted off the west coast of California and Baja California, Mexico. One of the primary objectives of this survey was to estimate abundance of long-beaked common dolphins. Sightings made during this survey documented the coastal nature of this species (Figure 2 in Chivers et al., 2010) and the limited ability of the regularly conducted coarse-scale surveys off California to capture the distribution of long-beaked common dolphins (e.g., ≤7 sightings/survey) (Barlow & Forney, 2007) . The abundance estimated for long-beaked common dolphins off California in 2009 was 118,207 (CV = 33%), which is much higher than any previous estimate (Carretta et al., 2011a) .
Long-beaked Common Dolphin Detonation Event
On 4 March 2011, mine countermeasure training was conducted on the ocean side of SSTC (Figure 1) . A single time-delayed C4 block demolition charge with a total net explosive weight of 3.97 kg (3.4 kg block + 0.57 kg detonation cord) was detonated on the sandy ocean floor at a depth of 14.6 m, in boat lane 10 (Figure 1) , approximately 0.5-0.75 nm from shore. At 5 min prior to the detonation, a group of 100-150 long-beaked common dolphins was observed entering the 640-m mitigation zone by EOD safety observers. Options to retrieve the charge via divers or from the surface to stop the detonation were considered. However, the short time interval to detonation made this too risky for personnel. An effort to discourage the dolphins from entering the area by placing a boat between the detonation site and the school of dolphins was unsuccessful. One minute after the detonation, three dolphins were observed motionless at the surface. The rest of the school continued to travel in the same direction as it had been prior to the detonation. The Navy recovered the three animals and transferred them to the local stranding network for necropsy. An additional long-beaked common dolphin stranded dead approximately 68 km north of the detonation site, 3 days later. All four dolphins sustained typical mammalian primary blast injuries (Phillips & Zajtchuk, 1991 ), which will be described in a future publication.
The distances from various types of underwater detonations at which death, injury, and temporary hearing loss (called a temporary threshold shift, TTS) are expected to occur in marine mammals have been estimated by the Navy and are termed the Zone of Influence (ZOI) (DoN, 2010) . The ZOI for the specific charge weight of 3.4 kg has not been empirically modeled, and so the ZOI for the next closest charge weight (4.5 kg) for a bottom detonation was used (DoN, 2010) . Based on these estimates (Table 2) , the dolphins killed would have been within 36.6 m of the blast.
The observed mortality does not exceed the current PBR of 164 for this population, indicating that the blast event alone will not adversely effect the long-beaked common dolphin population. However, had four common bottlenose dolphins belonging to the coastal population been killed in the blast, a population effect would be expected, because the PBR for this population is 2.4 (Carretta et al., 2011a (Carretta et al., , 2011b . The coastal common bottlenose dolphin is common in the waters off San Diego (Defran & Weller, 1999) and found within 500 m of the shoreline 99% of the time (Hanson & Defran, 1993) . The small size of this population and its occurrence in the very near-shore waters of San Diego make this population of critical concern in relation to underwater detonation activities occurring in the region. To date, however, there has not been any documented mortality of this species from Navy training activities.
Summary
The fish, western grebe, and longbeaked common dolphin deaths reported here demonstrate the impact of underwater detonations on wildlife. An unknown number of individuals in these events likely sustained injuries that may or may not have impacted their ability to survive their exposure to the blasts. While these two species were examined and thus are known to have been affected, other species were also affected. Top smelt associated with the grebe incident were seen floating after detonation. However, none were collected for necropsy examination. The only fish available for investigation were consumed by the grebes. This abundance of marine fauna in areas of detonation makes mortality events in multiple species a possibility. Additionally, while deaths are sustained by individuals, the population level impacts need to be carefully considered. Our review of the information available for the wildlife species impacted in these events illustrate the need to carefully consider what species might be impacted and to review multiple data sources in making the determination. Insufficient information about western grebes limits an assessment of the impact on their population, but the 2006 mortality event had the potential to severely impact a breeding colony. The best available information on long-beaked common dolphins suggests a population-level impact would not be expected from this single event alone. The occurrence of two wildlife mortality events in the past 6 years at SSTC coupled with the proposed increase in underwater detonations suggests that periodic events could occur in the future. In order to reduce the chances of this occurring, the Navy reviewed and amended their mitigation procedures for underwater detonation training exercises following the 2006 and 2011 mortality events (Chip Johnson, personal communication). The events revealed three important points to consider in establishing mitigation procedures: (1) the need to carefully consider the species likely to be present in an area, (2) the difficulty of mitigating impacts during timedelayed detonation training exercises, and (3) the potential for sequential detonations to have multiple impacts on wildlife. In response to these observations, the Navy took a proactive approach and revised their standing mitigation procedures (C. Johnson, personal communication). The changes implemented included (1) adding long-beaked common dolphins, short-beaked common dolphins (D. delphis), Pacific white-side dolphins (Lagenorhyncus obliquidens), and Risso's dolphins (Grampus griseus) to their list of species that may inhabit the SSTC, (2) suspending timedelayed underwater detonations off the U.S. West Coast, U.S East Coast, and Hawaii pending development of new mitigation measures with National Marine Fisheries Service approval, and (3) implementing time interval restrictions (<5 s or >30 min apart) on sequential detonations. These measures will further reduce risk to wildlife and heighten awareness of species likely impacted.
